The effects of arterial air embolism can be catastrophic as intravascular bubbles can obstruct the blood supply to vitally important organs. Sources of air on the arterial side of the circulation include those of venous origin which cross into the systemic circulation. Several case reports document incidents of arterial air embolism from venous origin (paradoxical air embolism), where no intracardiac connections were demonstrated [1, 2] . Others have suggested that venous air emboli can cross the pulmonary circulation if the volume and rate of infusion are greater than a certain critical quantity [3, 4] . Although the mechanism of pulmonary nitration of venous air emboli is uncertain, it has been demonstrated that certain drugs, changes in inspired oxygen tension or the composition of the gas infused, may compromise this function [3, 5, 6] . Once bubbles are trapped in the lungs, elimination occurs primarily via the alveoli and, to a lesser degree, gas is taken up by the blood and adjacent tissues. Verstappen, Bernards and Kreuzer [7] described a steady state where the continued infusion of venous air was matched by alveolar excretion at a rate largely dependent upon pulmonary artery pressure; however, the passage of some bubbles through the pulmonary circulation was also considered possible. The effect of various inhalation anaesthetic agents (for example halothane or isoflurane) that have the ability to alter pulmonary vascular tone on the pulmonary filtering mechanism is uncertain [8] .
The purpose of this study in dogs was to compare the effects of pentobarbitone, halothane and isoflurane anaesthesia on the ability of the pulmonary circulation to filter air emboli.
MATERIALS AND METHODS
Mongrel dogs were divided into three study groups to receive pentobarbitone, halothane or isoflurane anaesthesia. In group 1 anaesthesia was induced with pentobarbitone 30 ml kg" 1 i.v.
and maintained with pentobarbitone 10 mg kg" 1 h" 1 . In the dogs in groups 2 and 3 anaesthesia was induced with thiopentone 25 mg kg" 1 , the trachea was intubated and the lungs ventilated (volumecycled ventilator (Harvard)) with oxygen or room air (Fi O2 = 0.20-0.30). Ventilation was adjusted to 8-10 b.p.m. and a volume of 15-20 ml kg" 1 to achieve Pa CO2 of 4.67-5.32 kPa during the baseline period and was unchanged throughout the experiment. Anaesthesia was maintained with 1-1.5% halothane in group 2 and with 2-2.5% isoflurane in group 3.
Cannulae were placed in the abdominal aorta via the left femoral artery for measurement of mean arterial pressure (MAP), in the pulmonary artery via the left jugular vein for measurement of mean pulmonary artery pressure (PAP) and in the left ventricle via the right carotid artery to measure left ventricular end-diastolic pressure (LVEDP). The right femoral vein was cannulated to provide venous access. The cannulae were connected to strain gauge transducers (Statham P23ID), referenced at the level of the right atrium and calibrated with a mercury column. Cardiac output (CO) was measured in triplicate using the thermodilution technique (Instrumentation Laboratories 701). Pulmonary vascular resistance (PVR) was calculated as (PAP-LVEDP)/CO. Baseline data were collected after a 30-min period to allow stabilization.
The animals from each group were divided into three subgroups depending upon the rate of infusion of air. Room air was infused into the right atrium through the proximal lumen of the pulmonary artery catheter for 30 min using a reciprocating servo pump (Harvard). The infusion rates were 0.25, 0.30 and 0.35 ml kg" 1 min" Venous bubbles that crossed the pulmonary circulation were detected with a Doppler probe (9 mHz, Parks) positioned directly over the suprarenal aorta following laparotomy. The probe was suspended with bar clamps independent of the surgical cradle to avoid artefacts from gross movement. The received signals were filtered and amplified for analogue recording (Gould) and audio detection. Probe placement was verified by rapidly infusing physiological saline 10 ml into the left ventricular catheter and detecting the reflected change in the analogue signal.
Those animals in which arterial bubbles were detected had a left thoracotomy performed between the 5th and 6th ribs to permit direct examination of the superficial coronary vessels for the presence or absence of bubbles. The thoracotomy was performed at the end of the 30-min infusion period and the animals were monitored for an additional 60-min recovery period. At the end of the experiment, animals with detected bubbles were killed with potassium chloride (saturated) and their hearts examined for septal defects. If defects were found, the animal was excluded from the study.
Statistics. The incidence of arterial air embolism (table I) was compared using Fisher's Exact test. The data in tables II and III are means+ SEM. The data were analysed using a two-factor analysis of variance using Tukey's test of mulitple comparison.
RESULTS
The Doppler data demonstrating the incidence of spillover of venous air emboli into the arteries are shown in table I. At the lowest air infusion rate (0.25 ml kg" 1 min" were found between the various doses with isoflurane anaesthesia.
The haemodynamic responses to the venous air emboli are given in tables II and III. Statistical summaries are given in table IV. Mean arterial pressure decreased following the air in each group and with each anaesthetic agent. Following air, LVEDP and CO were unchanged with each dose of air; however, they were different when comparing the individual anaesthetic agents (table  IV) . PAP and PVR increased significantly following the embolization at each dose and for each agent. Further, there was a significant interaction between the amount of air administered and anaesthetic agent for both PAP (P < 0.01) and PVR (P < 0.04). The pentobarbitone-anaesthetized dogs demonstrated a higher response in PAP for 0.30 and 0.35 ml kg" 1 min" .12 kPa to 7.3 + 0.12 kPa, respectively, for the pentobarbitone, halothane and isoflurane anaesthetized dogs. The differences between the air dose groups or between the three anaesthetic agents were not significant.
DISCUSSION
The results of the present study demonstrate that the administration of air at rapid rates into the venous side of the circulation may be detected in the systemic arteries of dogs anaesthetized with pentobarbitone, isoflurane or halothane. The interpretation of the Doppler data in table I is particularly dependent upon the sensitivity of ultrasound to detect circulating bubbles. The use of Doppler is widespread for the detection of venous bubbles that can occur in association with neurosurgery or with decompression sickness [9] . The sensitivity of these devies has been shown to be reliable for detection of microbubbles as small as 14 urn diameter [10] . This sensitivity allows for accurate qualitative detection of circulating bubbles. Quantitative interpretations are limited as a result of artefactual interference that can occur with coincident counting or misalignment of the incident beam with the bubbles [11, 12] .
In the present study, Doppler was used to detect qualitatively the presence or absence of arterial bubbles following venous air embolism. With Doppler, the intensity of the reflected signal is related to the cross-sectional scattering area of the bubbles as well as the difference in density between the gas and the surrounding medium [13, 14] . The ultrasonic beam reflected from a gas bubble is, therefore, of an intensity several orders of magnitude greater than some more dense particles (for example glass beads, cellular aggregates or plastic spheres) [14, 15] .
In previous studies we have demonstrated that venous air emboli do not normally reach the systemic circulation since they are filtered in the lungs [5] . The limit to this filtration can be exceeded when the lungs are challenged with air emboli administered at rates greater than 0.30 ml kg" 1 min" 1 [4] for dogs and at 0.15 ml kg" 1 min" 1 for unanaesthetized sheep receiving nitrogen bubbles [3] . The consequences of an embolism crossing the lungs is dependent upon the target organ in which the bubbles ultimately become trapped. Air in the coronary arteries can reduce myocardial contractility secondary to ischaemia which may lead to cardiac arrest [16] . Goldfarb and Bahnson [17] observed myocardial ischaemia in dogs receiving as little as 0.05 ml of air directly into the left coronary artery, while 0.5-1 ml of air injected into the left heart can be fatal [18] . The consequences of cerebral air embolism are often more diffuse if gross motor or behavioural changes are not immediately apparent. Additionally, with anaesthetized patients, any cerebral symptoms may go unnoticed until the postoperative period, although some cardiovascular symptoms have been shown to occur in cats even while they are under anaesthesia [19] . Other cases have been reported of fatal cerebral air embolism resulting from amounts of air as small as 2-3 ml [20] . The source of coronary or cerebral air may include venous air emboli that cross to the systemic circulation via the pulmonary microcirculation, through pulmonary arteriovenous shunts or via an atrial septal defect (ASD) [21] . In the present study we excluded those dogs demonstrating arterial bubbles in which an ASD was detected at autopsy. The majority of clinical cases of paradoxical air embolism involve patients with an ASD, although case reports frequently describe incidents of venous air emboli that result in cerebral air embolism where no cardiac septal defect was found [1, 2, 22, 23] .
Several factors may influence the passage of emboli across the lungs-the size of the bubble, surface tension and vascular pressure. The composition of the gas inside the bubble may also influence the size and rate of dissolution in the blood. This is more obvious with oxygen bubbles, since the oxygen tension in the arterial blood is less than that inside the bubble and dissolution is promoted by the disparity in the tensions. Bubbles of air or nitrogen will remain in the blood for longer periods of time, especially when the ventilatory gases resemble room air. This is because of similarity in the partial pressures of the gases inside the bubbles to those of the surrounding blood, as well as the solubility of nitrogen as compared with oxygen. These phenomena were described by Spencer and Oyama [3] who also reported that equivalent doses of oxygen or carbon dioxide venous emboli did not cross the lungs when compared with nitrogen bubbles.
Tonic factors affecting the diameter of pulmonary vessels (for example, anaesthetic agents, neurogenic or hypoxic pulmonary vasoconstriction, Pa COi or endogenous mediators) that result from embolization may influence the passage of bubbles across the lungs. The pulmonary vasoconstrictor response to emboli has been attributed to a neurogenic reflex [24] acting in conjunction with mechanical blockage of vessels by bubbles. Further evidence suggests that mediators released in response to emboli (serotonin, histamine, kinins) may also affect vascular tone and vessel permeability [25, 26] , Mathers, Benumoff and Wahrenbrock [27] reported modest but significant decreases in PVR with halothane and isoflurane anaesthesia. The data in table III show baseline PVR values as not being different when comparing the three anaesthetic agents. Following venous air embolization, PVR increased with each agent and dose of air. Although the effects of the various anaesthetic effects on PVR are described, our data do not allow for specification of the particular vessel type involved in the pulmonary vascular filtration of gas emboli. The inhibition of hypoxic pulmonary vasoconstriction by isoflurane [28] or halothane [29] is unlikely in the present study as the Pa COi values were likely to have been sufficient to avoid this reflex mechanism. Furthermore, BRITISH JOURNAL OF ANAESTHESIA alveolar hypoxia exerts a greater influence on those vessels at close proximity to the alveolar spaces [30] , whereas the pulmonary artery hypoxaemia (low mixed venous oxygen tension) that occurred in this study has less of an influence on the overall pressor response and affects nonalveolar vessels to a greater degree [31] . Vasoconstriction may also occur in larger pulmonary vessels (300-500 urn) as a result of pulmonary artery hypercapnia [31] , while the smaller vessels are influenced by the alveolar concentrations.
In summary, our findings confirm that air entering the venous circulation can cross to the systemic circulation via the lungs. We have also demonstrated that, in dogs anaesthetized with pentobarbitone or halothane, crossover is more likely to occur as the volume of air infused is increased. This claim does not apply to isofluraneanaesthetized dogs. Although the incidence of paradoxical air embolism in the absence of cardiac defects is low, our results provide an explanation for these occurrences.
